Mullite whiskers were produced by firing of kaolin at 1400º-1550ºC. CuSO 4 was used as fluxing agent. Before firing, spray drying and baking with flour and leaven were employed to give free space to the powders. The influence of preparation parameters and firing temperature on the crystalline structure and phase transformations during the entire process was determined. The results showed that there was a beneficial effect of both the incorporation of CuSO 4 and the given free space on the formation of mullite whiskers. There was no evidence for the effect of firing temperature on the aspect ratio and morphology of the whiskers within the investigated range.
Introduction
Mullite (3Al 2 O 3 ⋅2SiO 2 ) possesses particular importance in structural applications whether pure or incorporated in composite materials, because of the remarkable stability, low thermal conductivity, excellent creep resistance and strength at high temperatures [1, 2] . Apart properties, mullite can be produced with low cost via solid-state reactions upon heating of kaolin [3] . Kaolinite (Al 2 O 3 ⋅2SiO 2 ⋅2H 2 O) is structured in a layer-lattice in which the layers are held together by strong Van der Waals attractive forces. It is a naturally occurring mineral in the clays of the earth's crust and after beneficiation consists of Al 2 O 3 and SiO 2 , while the water is in the form of hydroxyls, evolved during the early stages of heating with the formation of metakaolin. As clay, kaolins have varying amounts of impurities and structural defects [3] . Heating of kaolin or kaolin containing minerals at about 1200ºC -1250ºC results in formation of primary mullite crystals (mullitization plateau) [4] [5] [6] . At higher temperatures, the crystals of primary mullite grow by reacting with the amorphous aluminosilicate phase forming secondary mullite. The impurities have been attributed an important role in the entire process [3, [6] [7] [8] [9] . Apparently, impurities distort the atomic structure and assist the formation of liquid phase at higher firing temperatures. Thermodynamics anticipates that the heating of kaolinite should result to mullite and quartz (SiO 2 ) [3] . However, several studies at high temperatures have shown that the particular structure of kaolin as well as the impurities makes kaolin to considerably differ from a mere stoichiometric mixture of alumina and silica [9, 10] . The addition of special fluxes can result in the formation of a low viscous liquid phase during firing [9] [10] [11] [12] [13] , which can subsequently enable the development of needle-shaped mullite crystals [14] [15] [16] . Apart fluxing agents, preliminary experiments have shown that as long as enough space for crystal growth is provided, then very fine mullite needles can be developed [12, 17] . Evidently, the free space suppresses the impinging effect during mullite-crystal growth [13, 18] .
This work aimed at producing separated mullite whiskers, potentially suitable for enforcing ceramic and glass-ceramic matrix composites, using commercial kaolin used in the porcelain industry. Commercial CuSO 4 was used as fluxing agent. In order to provide free space to the powders, hollowed granules of kaolin were obtained by spray drying. Kneading and baking with flour and leaven was also attempted for the same purpose. The influence of preparation parameters and firing temperature on nucleation and crystal growth of mullite whiskers was investigated.
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Materials and Experimental Procedure
Two types of high purity kaolin, one with a relatively coarse particle size (Vialpo, V), and another with a relatively fine particle size (Standard Porcelain, SP), whose chemical composition shown in Table 1 , were used as starting raw materials. After drying and pulverization, stable aqueous suspensions of kaolin with the maximum possible solid loading (65 wt%) were prepared, using Targon-1128 as dispersant. Then, an aqueous CuSO 4 solution was added (7.5 wt% CuSO 4 with respect to kaolin). After optimization of spray drying conditions, spray dried granules of kaolin were collected. The spray dried kaolin was kneaded with flour (25/75 wt% respectively) and leaven as fermentation agent and baked like as in bread baking (220ºC), for providing extra free space inside the powders in order to facilitate further growing of mullite whiskers. The powders underwent two separate firings: pre-firing at 1100ºC for 1h (heating rate 10º/min) and final firing at 1400º, or 1500º, or 1550ºC for 10 hours (heating rate 20º/min). Separation of mullite needles was done by immersion of the fired powders in HF solution of several concentrations and for different soaking times [11, 17] .
The powders where characterized over the entire process by X-ray diffraction analysis (XRD, Rigaku Geigerflex D/Mac, C Series, Cu K a radiation, Japan), differential (DTA) and gravimetric (TG) thermal analysis (Labsys Setaram TG-DTA/DSC, France, heating rate 5º/min, 1 atm flowing N 2 ) and scanning electron microscopy (SEM, Hitachi S-4100, Japan, 25kV acceleration voltage). Figure 1 presents the evolution of the crystalline structure during the entire process for the case of Standard Porcelain (it is similar for Vialpo). Careful observation reveals that the kaolinite peaks of the as-received kaolin (Fig. 1a ) slightly shift towards lower angles after the incorporation of CuSO 4 and spray drying (Fig. 1b) . The expansion of the lattice will be probably attributed to the pinning effect of the ions of CuSO 4 within the layers of kaolinite [3, 7, 9, 19] . Firing at 1100ºC/1h is sufficient for primary mullite formation (Fig. 1c) . Nevertheless, the sharpness of the peaks suggests low crystalline state while glassy phase is also present. Highly crystallized mullite was obtained after heating at 1400ºC/10h (Fig. 1d ). Sharper peaks were obtained at higher firing temperatures (not shown). The glassy phase was dissolved after immersion of the fired powder in 5 vol% HF for 9 hours (Fig. 1e) .
Results and Discussion
Although thermodynamics anticipates mullite and cristobilite at equilibrium regime [3] , in this work only mullite was detected after firing. This apparent discrepancy would be attributed to the particular type of the kaolins used, in terms of their specific layered structure, the Al 2 O 3 /SiO 2 ratio and the impurities, as well as the preparation and the heating rates [3, 6, 7] . Figure 2 shows the thermal analysis of the two as-received kaolins and the powders resulting after CuSO 4 incorporation and spray drying. The plots of SP and V are similar. The weak endothermic peak at ~100ºC should be likely due to water desorption. The loosening of the structural water evidently resulted in the intensive endothermic peak between 550º-580ºC. Nucleation of mullite should exothermically occur at ~970º-980ºC. There is also a small exothermic peak ~1200ºC attributed to the crystallization mullite.
The incorporation of CuSO 4 apparently resulted in the intensifying peak at ~100ºC and the appearance of a new weak band at 200º-250ºC together with weight loss. It is well known that primary dehydration of CuSO 4 effect, however, in the intensity and temperature interval of the endothermic peak for the loosening of the structural water. The exothermic peak for mullite nucleation was shifted towards lower temperatures while its intensity firmly decreased. The weak peak assigned to crystallization, was also shifted to lower temperatures, slightly above 1100ºC. In conclusion, the incorporation of CuSO 4 and the free space result in decreasing of the temperature for mullite crystals formation, i.e. nucleation and growth. Fig. 1 . XRD spectra during the process (for designations see the text). 
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The glass phase was sufficiently dissolved after chemical etching with HF solution. Figure 4 shows mullite whiskers after HF-etching. It should be, however, mentioned that it is generally difficult to attain complete dissolution of the glassy phase and obtain completely separated mullite whiskers (Fig. 4a ). This means that either dense HF solutions or prolonged etching (for several days) is needed. However, the mullite crystals seem resistant towards HF attack. With regard to the general aspect of the grains, Fig. 4 shows that there is no influence of firing temperature between 1400ºC and 1550ºC on the shape and the dimensions of the mullite crystals. In general, the resulting whiskers had ~10 µm of maximum length and ~1 µm diameter [20] . However, at lower temperatures, there is a significant amount of equiaxed submicron small crystals, assigned to primary mullite (Fig. 4a) [8] , which are evidently transformed into whiskers of secondary mullite on firing at higher temperatures (Figs. 4b, 4c ).
Consequently, the heating path of kaolin should comprise the following stages [3, 6] . At the early stages of heating, water desorpion occurs (100º-250ºC). Loosening of the structured water takes place at ~580ºC with the formation of dehydroxylated kaolinite (i.e. metakaolin). Nucleation generally occurs at ~980ºC. Secondary mullite is concurrently formed at the expense of primary mullite at ~1200ºC. The addition of CuSO 4 as fluxing agent and the free space given to the powders decreased the temperature of nucleation and the growth of mullite.
